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In our previous work, biomimetic calcium phosphate–coated poly(caprolactone) nanofibre meshes (BCP-NMs)
were demonstrated to be more effective for supporting cell attachment and proliferation under static conditions,
when compared with poly(caprolactone) nanofibre meshes (PCL-NMs). In many applications, in vitro cultivation
of constructs using bioreactors that support efficient nutrition of cells has appeared as an important step toward
the development of functional grafts. This work aimed at studying the effects of dynamic culture conditions and
biomimetic coating on bone cells grown on the nanofibre meshes. BCP-NM and PCL-NM were seeded with
osteoblast-like cells (MG63—human osteosarcoma-derived cell line). The cell-seeded constructs were cultured
within a rotating bioreactor that simulated microgravity, at a fixed rotating speed, for different time periods, and
then characterized. Cell morphology, viability, and phenotype were assessed. PCL-NM constructs presented a
higher number of dead cells than BCP-NM constructs. Under dynamic conditions, the production of proteins
associated with the extracellular matrix of bone was higher on BCP-NM constructs than in the PCL-NM ones,
which indicates that coated samples may provide cells with a better environment for tissue growth. It is
suggested that improved mass transfer in the bioreactor in combination with the appropriate substrate were
decisive factors for this highly positive outcome for generating bone.
Introduction
Electrospun nanofibre meshes have found severalapplications in many different areas, including tissue
engineering.1,2 These structures are able to mimic the extra-
cellular matrix (ECM) of tissues, such as bone, thus acting as
a favorable substrate to more accurately assess cellular be-
havior.3 For instance, bone is mainly composed of hy-
droxyapatite nanocrystals dispersed along type I collagen
nanofibres.4–7 Recently, our group has succeeded in the pro-
duction of a biomimetic coated poly(calcium phosphate-
caprolactone) nanofibre meshes (BCP-NM) structure, which
adequately reproduced the structure of the natural ECM of
bone in terms of its architecture and composition.8,9 Poly(e-
caprolactone) was selected due its biocompatibility and
biodegradability. In fact, poly(e-caprolactone) is degraded by
hydrolysis of its ester linkages in physiological conditions.8
The choice of poly(e-caprolactone) was also related to the fact
that the material is currently used in the clinic, what may
facilitate the translation of the research results into clinical
products. In addition, we have shown previously that the
surface of poly(e-caprolactone) nanofibre meshes can be opti-
mized for various cell types through surface modification
processes.10 The procedure to obtain BCP-NM was already
optimized and is described in detail in a previous publication.8
It is important to note that the biomimetic coating is intended to
provide bone-bonding ability and unlike other strategies in-
volving combinations of polymers with ceramics was not ex-
pected to reinforce mechanically the structure. Thus, the effect
of the CaP biomimetic coating over the mechanical properties
was not tested herein. Information about the mechanical
properties of poly(e-caprolactone) nanofibre meshes can be
found in recent publications from our group.11–13
We recently reported that BCP-NM was more effective for
supporting the attachment and proliferation of osteogenic
cells for longer periods of time under static conditions, when
compared with the poly(caprolactone) nanofibre mesh (PCL-
NM) without coating.8 However, a more elaborate approach
closely mimicking the in vivo environment is required. Thus,
dynamic culture conditions are herein explored.
For the dynamic cell culture studies, the technologies most
commonly used include the utilization of bioreactors.14–16
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An ideal bioreactor should enable controlled biochemical
and=or biological processes.17,18 Recently, a rotating-wall
vessel was developed by NASA aiming to protect cell cul-
tures from the high shear forces generated during launch and
landing of the space transport.19–21 This approach allows cell
constructs to rotate in the vessels with minimal disruptive
shears, thus simulating microgravity conditions.22,23 It has
been shown that cells cultured within this bioreactor tend to
aggregate and form structures resembling tissues.19 Studies
on the effects of microgravity in the culture of osteoblast-like
cells have been performed. However, conflicting results may
be found in the literature. Some authors reported that mi-
crogravity influences the behavior of osteoblasts negatively
by decreasing their viability.24–26 Other authors found that
microgravity conditions do not influence the viability of os-
teoblasts even after several days of culture.27 It is not clear,
however, if cell viability is only dependent on the culture
conditions or may be related to the properties of the struc-
tures that support cell growth and proliferation. In this sense,
we tested the hypothesis that the positive outcomes of the
rotating bioreactor could be maximized using an optimized
substrate for cell support during culture. To achieve this
goal, BCP-NM constructs were used. To our best knowledge,
this is the first report about the influence of dynamic culture
conditions on BCP-NM constructs. It is herein shown that
dynamic culture using the rotating bioreactor is more effi-
cient to induce the formation of ECM on both PCL-NM and
BCP-NM constructs. BCP-NM constructs appeared to facili-
tate cell adhesion in the first week of dynamic culture when
compared with PCL-NM. In addition, BCP-NM constructs
cultured under dynamic conditions for 14 days produced the
highest amounts of the proteins related to the production of
ECM, such as type I collagen and osteopontin, when com-
pared with uncoated meshes, showing a clear effect of the
microenvironment over the cell activity.
Materials and Methods
Scaffolds
Preparation of electrospun nanofibre meshes. PCL
(Grade 787; Union Carbide, Danbury, CT) having a molec-
ular weight of 125KDa was dissolved in chloroform (Al-
drich, Steinheim, Germany)=dimethylformamide (Aldrich)
in a ratio of 70:30. The obtained polymer solution was
placed into a 5mL syringe, with a metallic needle having an
internal diameter of 0.8mm attached to it. The syringe was
connected to a syringe pump (KDS100; KD Scientific, Hol-
liston, MA) to control the flow rate of the solution. A pos-
itive electrode was put in contact with the needle. Flat
aluminum sheet covering the ground plate was used as the
collector. A high-voltage power supply was employed to
generate the electrostatic field (0–25 kV). The capillary tip-to-
collector distance and the flow rate were optimized, and
the best conditions were obtained at 15 cm and 1mL=h,
respectively. The applied voltage was also optimized at
9 kV.
Biomimetic coating of the PCL-NMs. The biomimetic
coating was performed as described elsewhere.8 In short,
PCL-NMs were cut into square shapes (10!10mm) and
immersed in a 0.5M NaOH (Sigma, Deisenhofen, Germany)
solution, at 378C, and stirred at 70 rpm for 12 h. Specimens
were washed five times with ultrapure water and dried at
378C for at least 5 h.
The NaOH-treated specimens were dipped in 0.1M
CaCl2 (Merck, Darmstadt, Germany), at 378C with agitation
at 70 rpm for 24 h. After removal from the calcium solu-
tion, the specimens were rapidly dipped in 10mL of ul-
trapure water, immediately dipped in 10mL of 0.1M
K2HPO4.3H2O (Merck) for 15min, and immersed again in
more 10mL of ultrapure water for few seconds. Next, spec-
imens were dipped in 10mL of 1.5! simulated body fluid
(SBF) for 4 days. The ion concentration (Naþ 243, Kþ 7.5, Ca2þ





the 1.5! SBF solution was approximately 1.5! higher than
those present in the human blood plasma. The 1.5!SBF was
prepared by dissolving NaCl (Panreac, Barcelona, Spain),
NaHCO3 (Merck), KCl (Panreac), K2HPO4.3H2O (Merck),
MgCl2.6H2O (Aldrich), CaCl2 (Merck), and Na2SO4 (Panreac)
in ultrapure water. The solution was buffered at pH 7.4 with
tris(hydroxymethyl)amino-methane (Aldrich) and 1M HCl
(Panreac) at 378C.
Biological studies
Bioreactor. A rotating bioreactor (Cellon, Strassen, Lux-
embourg) was used to culture constructs containing MG63
(ATCC CRL-1427; ATCC, Rockville, MD) osteoblast-like
cells,28 originally isolated from a human osteosarcoma. The
samples were placed in a disposable vessel containing 50mL
media. For gaseous exchange, the vessel was provided with a
permeable membrane. The rotating speed of the bioreactor
was kept as 16 rpm, these conditions being selected to avoid
the collision of the constructs with the bioreactor walls and to
facilitate mass transfer.
Cell seeding and bioreactor cultivation of tissue-
engineered constructs. Cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, Deisenhofen,
Germany) supplemented with 10% heat-inactivated fetal bo-
vine serum (Biochrom AG, Berlin, Germany) and 1% anti-
biotic–antimycotic solution (Gibco, Paisley,UnitedKingdom).
The cells were maintained in a humidified atmosphere with
5% CO2 at 378C, with medium replaced every 2 days. BCP-
NM and PCL-NM samples were placed in 24-well plates and
seeded by adding 1.5!105 cells=cm2. The resulting constructs
were put in a humidified incubator, at 378C, for a period of
6 h. Afterward, part of the constructs was placed into the
rotating bioreactor containing 50mL complete medium.
Two test groups were established: group 1—constructs were
placed into the bioreactor for 7 days, immediately after
seeding; group 2—after being cultured under static condi-
tions for 7 days, constructs were placed into the bioreactor
for 7 days more, for total of 14 days. In this particular
case, those constructs were labeled as 14d*. The remaining
BCP-NM and PCL-NM constructs were incubated statically,
after adding up 2mL of media to each well, and used as
control.
Morphological characterization of cultured cells. Adhe-
sion, spreading, and morphology of osteoblast-like cells
seeded on PCL-NM or BCP-NM were assessed by scanning
electron microscopy (SEM) analysis using a Hitachi S4500
microscope (Hitachi Instruments, San Jose, CA). Before the
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SEM analysis, samples were fixed with 2.5% glutaral-
dehyde, dehydrated with increasing concentrations of
ethanol, and finally with hexamethyldisilazane (Sigma,
Steinheim, Germany). Live and dead assays using a viability=
cytotoxicity kit (Invitrogen, Cergy Pontoise, France) for
mammalian cells were used to assess the viability of the cells.
In short, samples were removed from the incubator, placed in
a 24-well microplate, and washed with 2mL phosphate-
buffered saline (PBS) each. Next, 500mL live=dead stain was
added to each sample. Afterward, themicroplate was covered
by an aluminum foil and the samples incubated for 30–45min
at room temperature, previous to confocal microscopy anal-
ysis using an Olympus Fluoview FV300 confocal laser scan-
ning microscope.
Cell viability and proliferation assays. Constructs were
transferred into 24-well plates. The samples were washed
twice with sterile PBS solution and transferred to Eppen-
dorfs. Next, 450 mL of Triton-X buffer containing 50mM
Tris–HCl (Sigma), 0.9% NaCl (Sigma), and 0.1% Triton-X
(Sigma-Aldrich) were added to each Eppendorf. Extracts of
the Triton-X buffer solution in contact with the samples were
used for the quantification of total protein and DNA content.
DNA was quantified via the picoGreen dsDNA quantitation
assay (Invitrogen, Paisley, UK).
Total protein was measured using the Bio-Rad protein
assay, and the samples were read at 460 nm. The samples of
PCL-NM and BCP-NM without any cells were used as con-
trol: those samples showed no measurable traces of protein.
Reverse transcriptase–polymerase chain reaction.
Constructs were washed twice with PBS and samples were
placed into Eppendorfs. Trizol (800mL) was added to each
Eppendorf and vigorously mixed during 10 s. Next, 200 mL of
chloroform was added and the tube incubated on ice for
15min. Samples were centrifuged at 10,000 rpm for 15min at
48C and the supernatants removed into clean, prechilled
tubes. Five hundred microliters of ice-cold isopropanol
was added to each tube and samples incubated at #208C
overnight. The pellets were obtained by centrifugation at
10,000 rpm for 15min at 48C and washed with 70% ethanol.
Each pellet was dissolved in 15 mL of RNase-free water and
kept at #808C to be used until use. Total RNAs were reverse
transcribed to produce cDNA using the superscript II RNase
H# reverse transcriptase kit (Invitrogen), according to the
protocol of the manufacturer. The real-time polymerase
chain reaction (PCR) for the gene expression of type I col-
lagen, osteopontin, runx2, and 18s was performed using
primers purchased from Applied Biosystem (Warrington,
United Kingdom). The method used to calculate gene
expression was one of the Delta-delta Ct method. In all
cases the housekeeping gene used to calculate the Delta Ct
was 18s; while the results obtained for PCL-NM samples
have been used to normalize the data and to calculate the
Delta-delta Ct.
Statistical analysis. Statistical data including average
and standard deviations were obtained from four samples of
FIG. 1. Poly(caprolactone) nanofibre meshes (PCL-NMs)
coated with a biomimetic calcium phosphate layer.
FIG. 2. Scanning electron micrographs showing the morphology of MG63 cells cultured on BCP-NM and PCL-NM under
different conditions for different time periods.
DYNAMIC CULTURE OF OSTEOGENIC CELLS IN PCL CONSTRUCTS 559
each experiment of biochemical assays (each experiment was
repeated at least three times). Two-way analysis of variance
was performed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA).
Results
As it can be observed in Figure 1, biomimetic procedure
was efficient to promote the homogeneous coating of the
PCL-NM surfaces, while preserving the initial morphology,
so that the high surface area of the meshes was maintained.
Obtained SEM (Fig. 2) and confocal fluorescence micros-
copy (Fig. 3) images revealed that, after 7 days, MG63 cells
were able to attach to the surfaces of BCP-NM in both static
and dynamic culture conditions. Nevertheless, differences in
the morphology of the cells were observed. Cells cultured
under conventional culture conditions developed an elon-
gated fibroblast-like morphology. In contrast, under dynamic
culture conditions, cells presented a round morphology.
This difference in the morphology was more evident after
2 weeks.
Live=dead assays (Fig. 3) showed that PCL-NM constructs
presented higher numbers of dead cells than BCP-NM. For
example, highest numbers of dead cells were observed after
7 days in PCL-NM constructs cultured under dynamic con-
ditions. After 2 weeks, the number of dead cells decreased in
PCL-NM constructs, but was still higher than in coated
constructs kept under similar conditions.
Although the number of dead cells was considerably
higher in PCL-NM construct, no significant variation in the
amount of DNA was observed between coated and non-
coated constructs (Fig. 4). Both PCL-NM and BCP-NM cul-
tured under static conditions presented a slight decrease in
DNA content in the second week of incubation. On the other
hand, the DNA content in the constructs cultured in the
bioreactor was similar and almost constant for PCL-NM and
BCP-NM constructs during the whole culture period.
Overall, the total protein content normalized to the cor-
respondent DNA amount was found to be higher in BCP-
NM constructs than in PCL-NM constructs when grown in
the same culture conditions. In fact, significant differences
( p< 0.001) were observed between coated and noncoated
constructs cultured under dynamic conditions. The highest
values were observed for BCP-NM constructs that were in-
cubated for 14 days (14d*) (Fig. 5) (7 days staticþ 7 days
dynamic).
After the second week of culture, mRNAs of type I col-
lagen, runx2, and osteopontin were detected by reverse
FIG. 3. Confocal fluorescence images of BCP-NM and PCL-NM constructs cultured under either static or dynamic con-
ditions for different time periods. Green indicates live cells and red indicates dead cells.Color images available online at
www.liebertonline.com=ten.
FIG. 4. DNA content of human osteoblast-like (MG63) cells
growing either on BCP-NM or PCL-NM constructs under
different culture conditions.
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transcriptase-PCR. Results are presented in Figure 6 and in-
dicate gene expression of osteopontin, runx2, and type I col-
lagen on BCP-NM constructs cultured under either dynamic
or static conditions, while the baseline represents the value
above which the expression of BCP-NM construct is higher
than the one of PCL-NM constructs. The expression levels of
the ECM genes were higher for BCP-NM constructs cultured
under dynamic conditions, where a remarkable overex-
pression was observed in the case of type I collagen gene.
Discussion
The importance of producing a new material to be used in
tissue engineering mainly relies in an attempt to stimulate
cells to proliferate and produce ECM, while regenerating the
tissue. As it was shown previously,29,30 electrospun fibre
meshes resemble the topographic features of ECM, which
provides a more favorable microenvironment for the cells to
regenerate the tissue, such as bone. In the current work, BCP-
NMs were used as a model that mimics the extracellular
microenvironment found in bone. In this case a rotating-wall
bioreactor was used to stimulate the diffusion of nutrients.
Coating nanofibre meshes with a biomimetic calcium
phosphate layer was shown to improve cell attachment and
proliferation.8 The mechanism involved in the formation of a
BCP layer on the nanofibre meshes was already described.8
In short, the formation of an amorphous calcium phosphate
layer originated during the surface modification step will
produce a biomimetic calcium phosphate coating when in
contact with a 1.5!SBF solution. The coating composition is a
carbonated apatite similar in composition to the inorganic
phase of bone.8,31
The differences in cell morphology between BCP-NM and
PCL-NM constructs are probably related to the cell interac-
tions with surfaces with different degrees of hydrophobicity
or hydrophilicity. It is known that BCP-NM presents a much
higher hydrophilicity than PCL-NM.8 The highest incidence
of cell death on PCL-NM cultured in the rotating bioreactor
for 7 days may be because of the difficulties for the cells to
attach to a more hydrophobic surface under dynamic con-
ditions. It was recently reported that the poor hydrophilicity
of PCL-NM results in low cell-seeding efficiency and re-
duction in the ability of cell adhesion, migration, and pro-
liferation in the initial step of culture.32 In the present work,
such limitations seemed to be overcome when constructs
were cultured for 7 days before the cultivation in dynamic
conditions in the bioreactor. The culture conditions also af-
fected the cell morphology. The more rounded morphology
of the cells on constructs cultured under dynamic conditions
may be related to a decrease in the disruptive shear forces
within the rotating bioreactor because of the effects of mi-
crogravity. Contrary to previous studies which showed that
microgravity conditions do not affect cell morphology,19
these findings show that in this particular case, cell mor-
phology is affected by both the substrate and the culture
conditions. For instance, a continuous randomization of the
normal gravity vector subjects the cells to a state of simulated
free fall that may have a strong influence in cell morphology.
Both BCP-NM and PCL-NM showed similar DNA levels.
In fact, apart from the rise in the number of dead cells ob-
served on PCL-NM constructs cultured under dynamic
conditions, no significant differences were observed. This
might support the evidence that dynamic culture environ-
ments provided by rotating bioreactors do not directly affect
the cell viability. Moreover, it was possible to observe that
similar cell numbers, as presented by the DNA content,
produced significantly different quantities of total protein.
FIG. 5. Overall total protein contents
normalized to the correspondent DNA
amount for 7 and 14 days under different
culture conditions. ***p< 0.001.
FIG. 6. Band densities for bone markers from MG63 cells at
14 days by real-time reverse transcriptase–polymerase chain
reaction. In all cases the housekeeping gene used to calculate
the Delta Ct was 18s, while the results obtained from PCL-
NM samples have been used to normalize the data and to
calculate the Delta-delta Ct. Dotted line indicates baseline
level (¼1) or unchanged gene expression level.
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Regarding BCP-NM constructs, it could be suggested that
part of the proteins detected may be because of the adsorp-
tion of proteins from the culture medium by the calcium
phosphate layer. However, PCL-NM and BCP-NM without
cells, used as control, did not present any measurable trace of
proteins (results not shown). This result shows that the total
protein amount detected is mainly related to cell metabolism
that, among other mechanisms, may produce anchorage-
related proteins for cell attachment. For instance, considering
dynamic studies, the number of dead cells after 7 days of
culture appeared to be higher on PCL-NM constructs, which
presented significantly less protein than BCP-NM constructs
in the same time period. Although additional studies may be
needed to clarify the mechanisms involved, it is clear that the
conditions that lead to cell death also affect the production of
total protein by the cells. Further studies may show if those
two effects are causally correlated.
Increase in the btotal protein content is related to the
production of ECM. In fact, reverse transcriptase-PCR ana-
lyses have shown that, besides the expression of runx2 (a
transcription factor generally associated with osteoblast dif-
ferentiation but which is also required for bone formation,
being involved in the mineralization process33,34), osteogenic
markers corresponding to type I collagen and ostepontin,
extracellular structural proteins presented in bone, were also
expressed. Not surprisingly, the higher expression of type I
collagen, the most abundant protein in bone, was found on
the constructs that presented the highest total protein pro-
duction, that is, BCP-NM constructs cultured under dynamic
conditions.
Current results confirm that BCP-NM present a better
environment for cell attachment, growth, and spreading than
PCL-NM. Combining BCP-NM constructs with dynamic
culture conditions, which provided an efficient mass transfer,
homogeneous cell distribution, and minimal damaging tur-
bulence, enabled the production of a highly efficient model
with potential applications in bone tissue engineering.
Conclusions
The results herein presented allow us to conclude that
osteogenic cells can grow both on PCL-NM and BCP-NM.
Dynamic culture in a rotating bioreactor for up to 14 days is
associated with more osteogenic cell proliferation on BCP-
NM. Moreover, for cells cultured on BCP-NM under dynamic
conditions, the production of total protein significantly in-
creased. In addition, the higher expression of some extracel-
lular structural proteins on BCP-NM constructs indicated a
more favorable environment for the production of ECM.
Further experiments should be performed to analyze the
influence of the rotating bioreactors on the BCP-NM con-
structs for longer periods of time. However, we can conclude
at this stage that, for the early stages of culture, the increase
in mass transfer, combined with the appropriate substrate,
appeared as a benefit for osteogenic cell growth and for the
generation of ECM.
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